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This paper presents the FPGA implementation of sliding mode control algorithm for bilateral teleoperation, such
that, the problem of haptic teleoperation is addressed. The presented study improves haptic fidelity by widening
the control bandwidth. For wide control bandwidth, short control periods as well as short sampling periods are
required that was achieved by the FPGA. The presented FPGA design methodology applies basic optimization
methods in order to meet the required control period as well as the required hardware resource consumption. The
circuit specification was performed by the high-level programing language LabVIEW using the fixed-point data
type. Hence, short design times for producing the FPGA logic circuit can be achieved. The proposed FPGA-based
bilateral teleoperation was validated by master-slave experimental device.
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Analiza FPGA implementacije bilateralnih algoritama upravljanja za dodirnu teleoperaciju. Ovaj rad
opisuje FPGA implementaciju algoritama upravljanja kliznim režimima za bilateralnu teleoperaciju, pri cˇemu je
opisan problem hapticˇke teleoperacije. Prikazano istraživanje poboljšava dodirnu pouzdanost proširenjem upravl-
jacˇkog propusnog pojasa. Za široki propusni pojas, potrebni su kratki upravljacˇki periodi i brzo vrijeme uzorko-
vanja, što je postignuto primjenom FPGA sklopovlja. Prikazana metodologija za projektiranje FPGA sklopovlja
koristi osnovne optimizacijske metode s ciljem postizanja potrebnih upravljacˇkih perioda i zahtijevane fizicˇke isko-
rištenosti sklopovlja. Specifikacije sklopovlja su provedene programskim jezikom visoke razine LabVIEW uz
korištenje podataka s nepomicˇnim decimalnim zarezom. Stoga je moguc´e implementirati traženu logiku na FPGA
sklopovlje u kratkom vremenu. Opisana bilateralna teleoperacija temeljena na FPGA slopovlju je testirana na
eksperimentalnom postavu s nadreenim i podreenim cˇvorom.
Kljucˇne rijecˇi: bilateralna teleoperacija, haptika, FPGA, upravljanje kliznim režimima
1 INTRODUCTION
Robotic teleoperation denotes the control of remotely
located robot device by a human operator. Hence, it is not
required for a human operator to be physically present at
the remote side. Thus, he or she can perform tasks at the
inaccessible remote environment (e.g. aerospace, military,
and medicine applications).
During the robotic teleoperation, the human operator
generates the desired motion by the local master device for
the remote robot slave device. When he or she generates
the desired motion based only on visual and auditory in-
formation, then such teleoperation is called unilateral tele-
operation. The latter suffers from rather difficult remote
task manipulation and may additionally require long train-
ing period for the human operator. This can be improved,
if the remote environment reaction force is provided to the
human operator and then such teleoperation is called bilat-
eral teleoperation. It can be noted, that the master device
is a robot device that provides reaction force to the human
operator. The concept of the bilateral teleoperation is de-
picted by Figure 1.
Transparency optimized bilateral teleoperator could
give the human operator the feeling as if he or she is phys-
ically present at the remote side. Thus, the advanced tasks,
such as minimal invasive surgery (MIS), could be per-
formed better [1], [2]. When the motion and forces are
tracked simultaneously then such teleoperation is called
haptic teleoperation; hence, the touch of the slave device
with the remote environment is ideally transmitted to the
human operator.
A few basic teleoperator architectures, such as 2-
chanell and 4-chanell, are well-known [3]. Despite this,
a lot of researchers are aimed at improving the bilateral
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Fig. 1. Bilateral teleoperation.
teleoperation [4], [5]. Tanaka et al. obtained multi-DoF
bilateral teleoperation by acceleration control [6]. Alter-
natively, the sliding mode control (SMC) theory provides
a strong theoretical background and can also be applied to
derive a robust control algorithm for linear and nonlinear
systems [7]. Khan et al. obtained bilateral teleoperation
by using SMC formulation [8]. However, the control of
the master-slave bilateral teleoperation system may still re-
main cumbersome. Therefore, Ohnishi proposed a modal
decomposition of the physical actuator space into indepen-
dent virtual modal space in order to simplify the control de-
sign [9]. The modal transformation decomposes the bilat-
eral teleoperation into two independent virtual modes that
fit the performance requirements. Hace et al. proposed bi-
lateral control using the chattering-free SMC design in the
virtual modal space [10].
The teleoperator performance is mostly determined by
the achieved control bandwidth, sampling bandwidth, and
also the robustness against disturbances. These properties
are strongly related to the cut-off frequencies of the applied
filters within the teleoperator control structure. In general,
these filters are low-pass filters and may be applied directly
at the feedback signals (e.g. the velocity measurement and
also the force observer [11]). It can be noted that the high
cut-off frequency improves teleoperator performance and
consequently the teleoperator transparency. Furthermore,
the cut-off frequency is strongly related to the control rate;
namely, high control rate allows setting high cut-off fre-
quencies. Thus, high control rate is necessity for high per-
formance bilateral teleoperation. Kubus et al. already ad-
dressed the necessity of high control rate [12].
The FPGAs are nowadays widely used among the mo-
tion control applications, since it allows high computa-
tional power and parallel data processing [13]. It may be
used for control applications with very short control and
sampling periods [14]. O’Malley and Sevcik presented the
comparison of the FPGA platform and commercial sys-
tem; whereby, the FPGA platform provides up to 400 times
greater sampling rates [15]. Moreover, the FPGA provides
accurate sampling periods that is usually easy to determine
in comparison to the conventional processor-based imple-
mentation. Thus, the FPGA is an appropriate solution
for bilateral control algorithm implementation in order to
achieve short and accurate sampling periods. Some authors
have already adopted FPGA within the bilateral teleoper-
ation research. Tanaka et al. presented multirate bilateral
teleoperation system by FGPA [16]. Iishi et al. presented
the improvement of performances in bilateral teleoperation
by using FPGA [17].
This paper presents a study of the FPGA implemen-
tation of the SMC-based bilateral control algorithm [10]
as well as the data acquisition algorithms aiming to pro-
vide haptic teleoperation. The control law is derived us-
ing the chattering-free SMC design approach in the virtual
modal space. The presented design methodology allows
optimization of the FPGA hardware resources and the exe-
cution time of the control algorithm. Furthermore, the de-
sign time may be significantly reduced. By the presented
design methodology it is possible to achieve short control
periods and consequently wide control bandwidth and thus
high-performance bilateral teleoperation. The implemen-
tation was validated by the master-slave experimental de-
vice. As shown, the high-performance bilateral teleopera-
tion was achieved.
The paper structure is as follows. Section 2 describes
the bilateral teleoperation problem and its decomposition
into virtual modal space. SMC-based control algorithm
is also summarized. Section 3 briefly describes the data
acquisition algorithms. Section 4 describes the proposed
FPGA design methodology. Section 5 shows experimental
results. Section 6 concludes the paper.
2 BILATERAL TELEOPERATOR CONTROL
2.1 The system model in the virtual modes
The dynamics of the bilateral teleoperation, as it is de-
picted by Figure 1, can be described by a simplified model
of two robotic mechanisms. Thus, the linearized and de-
coupled master-slave device dynamics in Cartesian coor-
dinates is given by
mmx¨m = fm + fh (1)
msx¨s = fs − fe (2)
where mm, ms, x¨m, x¨s, fm, and fs are the masses, the
accelerations, and the control forces of the master and slave
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devices, respectively. fh is the operator action force and fe
is the environment reaction force.
The design of the bilateral control for transparently
optimized architecture can be a difficult task. In order
to enhance such a design, it is possible to transform the
teleoperator dynamics (1) and (2) into the virtual modal
space. The modal transformation is applied by second or-
der Hadamard matrix T. It decouples master-slave dynam-
ics into two independent virtual coordinates that are asso-
ciated with the position error and the force error, respec-
tively. Thus, the physical position and force coordinates
are transformed into the virtual position and force coordi-
nates as





























where x = [xm, xs]
T , xv= [xc, xd]
T , fext = [fh,−fe]T ,
and fextv = [fc, fd]
T denote the position vectors and the ex-
ternal force vectors in the physical actuator space and in
the virtual modal space, respectively. Indexes (.)c, and (.)d
depicts the common mode, and the differential mode, re-
spectively. It can be noted, that the common mode applies
force servoing, while the differential mode applies posi-
tion tracking. They can be regulated independently in the
virtual modal space of the bilateral teleoperation system
(1)-(2). Conversely, the inverse modal transformation is
applied by T−1 = 12T. Hence, the teleoperator dynamics
can now be expressed in the virtual modes by
Mvx¨v = fv + f
ext
v (5)
where Mv = TMT
−1, and fv = Tf is the mass matrix
and the control force in the virtual modal space, respec-
tively. M = diag(mm,ms), and f = [fm, fs]T are the
mass matrix and control force vector in the physical actua-
tor space, respectively.
2.2 The control objective
Impedance control offers the unified approach for posi-
tion control as well as force control [18]. To assign the pre-
scribed dynamics of the robot behavior in constraint mo-
tion, the impedance control can be utilized to assure stable
contact. Thus it may be applied to improve stability while
contacting the stiff environment.
The desired second order impedance for the teleoper-













v depict the desired mass matrix, the
desired damping matrix, and the desired stiffness matrix,
respectively. In the paper, the desired impedance parame-







where Kv and Kp are matrices of velocity and position
feedback gains in the virtual modes. The matrices are de-
fined as Mdv = diag(Mc,Md), Kv = diag(0, kv), and
Kp = diag(0, kp). Mc and Md denotes virtual mass in
common mode and differential mode, respectively. Then
the bilateral operation system dynamics can be expressed
in the virtual modes as
Mcx¨c = fc (7)
x¨d + kvx˙d + kpxd = 0 (8)
where fc = fh− fe. By assumption the virtual masses are
chosen such that 0 < Mc <∞ and Md →∞.
2.3 The control law
The SMC can be used to design a system that guaran-
tees robustness to system perturbation and external distur-
bances. This section briefly summarizes the control law
derivation, whereas the detailed description of the control
law derivation is presented in [10].
The SMC design is applied by the definition of two
switching functions σc and σd which are formed on the
basis of the desired modal dynamics (7) and (8)
σc = x¨c − fc/Mc (9)
σd = x¨d + kvx˙d + kpxd (10)
where index (.)c, and (.)d refers to the common virtual
mode and the differential virtual mode, respectively. If one
defines σ = [σc, σd]T , then switching functions can be
written in compact form as
σ = x¨v +Kvx˙v +Kpxv −Mdvfextv (11)
Following the SMC design approach, the control law
is derived using the requirement σ˙ = −Dσ. The SMC
theory provides the system robustness by a discontinuous
control. However, such switching control may be unac-
ceptable for systems with a continuous control input since
it can cause an undesired chattering. Therefore, it is nec-
essary to derive chattering-free control. The control law is
governed by
u = ueq −D
∫
σdt (12)
The control signal u = [uc, ud]T is composed of
two components. The first component is the equivalent
control ueq = [ueq,c, ueq,d]T , that is the control signal
which is required for the system motion on the sliding
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Fig. 2. SMC algorithm for bilateral teleoperation block scheme.
manifold. The equivalent control is calculated by ueq =
udist − (Kvx˙v + Kpxv −Md−1v fextv ). The disturbance
udist is considered to be a non-measurable signal, there-
fore it is dropped from (12) and ueq is replaced by uˆeqthat
denotes the estimated equivalent control. The second com-
ponent denotes the system convergence to the sliding man-
ifold. The convergence rate and the disturbance rejection
are depended on the chosen value of the robustness param-
eter D; higher value provides better robustness of the sys-
tem. Finally, the control law is expressed such that the
acceleration signal is eliminated from the control imple-
mentation by using the equality
∫








where u = [uc, ud]T and ueq = [uˆeq,c, uˆeq,d]T . The vir-
tual control law of the common and differential modes can
be expressed also in the component form
uc = uˆeq,c +D(
∫
uˆeq,cdt− x˙c) (14)
ud = uˆeq,d +D(
∫
uˆeq,ddt− x˙d) (15)
where uˆeq,c = fc/Mc and uˆeq,d = −(kvx˙d + kpxd). Fi-
nally, the physical control input vector f in the master-slave
actuator space is governed by
f =MT−1u (16)
The SMC-based robust bilateral control scheme is depicted
by Figure 2.
The FPGA implementation of the mathematical opera-
tions can be optimized such that the number of performed
operations is reduced. The calculation of the physical tele-
operator control input (16) can be optimized such that
fm = kmcuc + kmdud (17)
fs = kscuc − ksdud (18)
where kmc = mm/2, kmd = mm/2, ksc = ms/2, and
ksd = ms/2 are control gains that can be calculated of-
fline, respectively. The described approach also applies to
calculations of xc, xd, and 1/Mc. Such implementation
can significantly reduce the number of arithmetical oper-
ations and thus the hardware resource consumption is re-
duced.
3 POSITION, VELOCITY, AND EXTERNAL
FORCE CALCULATION ALGORITHMS
3.1 The position measurement
In motion control applications, digital sensors are of-
ten used for position measurements, i.e. incremental en-
coders [16] and digital Hall sensors. Such sensors often
suffer from low resolution that is significantly emphasized
in low-cost equipment. In order to overcome the prob-
lem of low resolution, analog Hall sensors have recently
appeared as an advanced solution that benefits low-cost
design and yet can provide high resolution measurement.
Furthermore, analog Hall sensors may be also integrated
within the electrical motor housing. Such a design may
significantly contribute within applications where use of
external sensors is cumbersome (i.e. MIS).
A linear brushless DC motors (BLDC), used in our re-
search, consists of a moving shaft with the permanent mag-
nets aligned in a pole pairs distributed by the magnetic
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pitch. The Hall sensors are integrated within the motor
housing to measure the magnetic fields produced by the
permanent magnets. The sensors outputs three signals, u1,
u2, and u3 that are used for shaft position calculation. The



















2pi atan2(ua, ub) (20)
To calculate the motor shaft position in a full range,
the transitions between the magnetic pole pairs k must be
counted. Finally, the position x is given by (21).
x = xτ + kτm, k = 0,±1,±2, ... (21)
The position error is strongly dependent on the con-
version accuracy of the analog signals. The position error
linearly decreases if more accurate A/D converters are ap-
plied. The quantization error introduces the position cal-
culation error. Moreover, the analog signals contain noise
that may deteriorate the teleoperator sensing bandwidth. In
order to minimize the noise that is present in the measured
signals, low-pass filters were applied.
3.2 The velocity estimation
This paper presents the velocity estimation algorithm
that applies the analog Hall sensors and the αβ tracker.
The latter is a simplified form of the Kalman observer
[19]. It acts as a recursive filter and provides positional
as well as velocity estimation output. Furthermore, the
αβ tracker can provide satisfactory average characteristics
over a wide-range. Position prediction xˆ∗k and the velocity
prediction vˆ∗k are described by
xˆ∗k = xˆk−1 + Tsvˆk−1 (22)
vˆ∗k = vˆk−1 (23)
where xˆk−1 and vˆk−1 represents the estimated position and
estimated velocity at time instance k−1, respectively. Ts is
the sampling period. The predicted position and predicted
velocity are corrected by
xˆk = xˆ
∗
k + α(xk − xˆ∗k) (24)
vˆk = vˆk−1 + β/Ts(xk − xˆ∗k) (25)
where xk, xˆ∗k, α, and β represent the measured position,
predicted position, the position correction gain, and the ve-
locity correction gain, respectively. The αβ tracker block
scheme is depicted by Fig. 3.
Fig. 3. αβ tracker block scheme.
The α and β correction gains are defined as the positive
constant values and are chosen such that the αβ tracker
addresses the limit Kalman filter. In order to guarantee an
asymptotically stable response, α and β are selected within
0 < α < 1 and 0 < β < (2 − α), respectively. The
values are defined by the system poles and the desired cut-
off frequency.
3.3 The external force estimation
The presented control algorithm requires information
regarding those external forces that act on the system, i.e.
the operator action force as well as the environmental re-
action force. Within the applications, where the force sen-
sor is impossible to apply, the reaction and operator forces
might be observed by the reaction force observer [20].
Such an observation of the external force signal can also
widen the sensing bandwidth.
The external force observer is based on the disturbance
observer, which provides an estimation of the disturbance




s+g (f + gmx˙− fˆdist)− gmx˙ (26)
where fˆext, f , fˆdist, x˙, m, and g describe the estimated
external force, the control force, the estimation of distur-
bance force, the measured velocity, the nominal masses of
the master or slave devices, and the cut-off frequency of
the external force observer, respectively. The disturbance
force is always present in the mechatronic systems and is
composed of: i) Coulomb friction, ii) viscous friction, iii)
interference force, iv) gravity force, and v) perturbation
force related parameter variations. Its estimation should
be applied with the observer structure in order to estimate
the operator action force and the environmental reaction
force.
The external force observer block diagram is depicted
by Figure 4.
4 FPGA IMPLEMENTATION
The presented design methodology is divided into three
stages (Figure 5), whereas the paper deals with the first
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Fig. 4. External force observer block scheme.
Fig. 5. The FPGA design methodology.
two stages. In the first stage preliminary system speci-
fications are analyzed through the temporal analysis and
the computational analysis. Furthermore, basic optimiza-
tion approaches are utilized to meet the performance re-
quirements. In the second stage, circuit specification is
generated either by low-level or high-level programming
language. In the last stage, the design is physically imple-
mented on the FPGA.
4.1 Preliminary system specification
4.1.1 Temporal analysis
The tasks can be implemented whether sequential or
parallel. They differ in consumed hardware resources and
execution time. Depending on the predefined requirements
it may be possible to achieve the desired execution time as
well as the hardware resources consumption.
Fig. 6. Data flow diagram.
Figure 6 describes the data flow diagram that defines
the requirements of the tasks execution. It must be noted
that the tasks sequence is defined in advance by the control
algorithm and cannot be changed. The tasks highlighted
with red circles apply for master device as well as for the
slave device, respectively. Thus it is possible to physically
implement such task only once by the FPGA and execute it
sequentially, e.g. to calculate the master position as well as
the slave position. Such implementation can significantly
reduce the hardware resources consumption; however, on
the other hand, the execution time increases. It is possible
to achieve higher control rate by shortening execution time
to enhance the bilateral teleoperator performance.
Table 1: Tasks execution properties. 
Task Seq. exec. Cycles Exec. time 
A/D conversion NO 1 5 μs 
Signal filtering NO 1 <300 ns 
Position calculation YES 36 450 ns 
Velocity calculation YES 6 75 ns 
Modal transformation YES 4 50 ns 
Mode calculation YES 12 150 ns 
Inv. modal transf. YES 6 75 
Ext. force calculation YES 9 137.5 ns 
D/A conversion NO 1 1 μs 
 
Table 1 shows the tasks execution properties. Columns,
i)Task, ii)Seq. exec., iii)Cycles, and iv)Exec. time, de-
scribes the task name, possibility of a sequential imple-
mentation, required number of cycles, and execution time
respectively. The execution time of the control algorithm
can be achieved within a range of 7.2375µs and 8.175µs.
However, the implementation with the minimal execution
time of 7.2375µs required excessive consumption of the
hardware resources to fit the certain FPGA. This can be
avoided, either by larger FPGA or increasing the amount of
sequential executed tasks. In the paper, the amount of se-
quential executed tasks was increased such that execution
time increased to 8.175µs. The bottleneck in achieving
higher execution times presents slow A/D and D/A con-
verters. The execution time defines the major limit for the
control rate; namely, short execution time allows setting
high control rate.
The presented design methodology allows flexibility in
terms of implementation as it is described by Figure 7. The
tasks highlighted with blue squares depict non-reentrant
tasks that may be implemented only parallel, while the
tasks highlighted with red squares depicts reentrant tasks
that may be implemented also sequentially. As it is shown,
when preferring the parallel implementation, execution
time is shorter and more hardware resources are required
than the sequential implementation, whereas the execu-
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Fig. 7. Comparison of the parallel and sequential tasks implementation.
tion time is shorter. The opposite appears if the sequen-
tial implementation is preferred. The implementation can
be arbitrary chosen, whereas the feasible implementation
is marked by green area. It must be noted, that FPGA size
was not considered in the Figure 7 and may also addition-
ally limit the feasible implementation.
4.1.2 Computational analysis
The computational analysis defines the implementation
of the mathematical operations and the representation of
the values within the calculations. The representation of
the values has to be carefully chosen. This can be per-
formed either by using floating-point notation or by us-
ing fixed-point notation. The design applies fixed-point
data types, since it may provide more optimal hardware re-
source consumption than the floating-point data type [13].
By the optimal data formats it is possible to significantly
reduce the hardware consumption. In this paper, fixed-





where L, IL, and L-IL denote the total number of reserved
bits, the number of bits reserved for the integer part, and
the number of bits reserved for the fractional part, respec-
tively.
In order to achieve the required data range and pre-
cision, the fixed-point notations are chosen by analyzing
a signal flow graph. Figure 8 illustrates the signal flow
graph for common mode control uc calculation, whereas
the fixed-point notation (highlighted with red color) is in-
cluded to describe each signal. The signal flow graph is de-
signed with the compliance with the following guidelines.
Fig. 8. Signal flow graph section with the corresponding
LabVIEW block diagrams.
The input signals data formats as well as the output signals
data format were determined by the resolution of the 16-
bit A/D and D/A converters. The control parameters were
packed into data format of 24 bits max. The data format of
the internal signals of the algorithm was determined such
that 32-bit data width was not exceeded. In case of ap-
plying arithmetic operations such as accumulate (e.g. in
integrator or IIR filter such as the αβ tracker), the inter-
nal data format should be wider than the local input-output
data format. On the other hand, the data width could be
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significantly reduced in case of control error calculation.
The expected control error data range may significantly re-
duce the data width whereas the precision is retained (Fig-
ure 8). Similarly, the requirements for an optimal signal
representation were thoroughly analyzed through the data
flow diagram in order to obtain minimal FPGA resource
occupation.
The trigonometric function calculation, such as atan is
computed by using CORDIC (Coordinate Rotation Digi-
tal Computer) [21]. The implementation is based only on
simple operations adders/subtractors and shifters. Calcu-
lation of atan2 using CORDIC algorithm is performed by
the following equations
xn+1 = xn − yndn2−n (28)
yn+1 = yn + xndn2
−n (29)
zn+1 = zn + dnatan(2
−n) (30)
where z is the angle accumulator and dn = 1 if yn < 0 and
else yn = −1, n = 0, 1, . . . , N − 1, where N is the total







yN = 0 (32)








Figure 9 shows LabVIEW property windows of the
CORDIC parameters of setting the number of internal it-
eration and internal word length.
Fig. 9. atan2 calculation property window.
4.2 Circuit specification
The circuit specification can be performed whether by
high-level programing languages, such as LabVIEW [22]
and Matlab/Simulink [23], or by low-level programing lan-
guages, such as VHDL and Verilog. In the paper, circuit
specification was performed by LabVIEW programming
environment. Section of the LabVIEW block diagram for
common mode calculation is given by Figure 8. Although,
the numerical values representation is facilitated by Lab-
VIEW, the computational analysis still remains strongly
desired method in order to reduce the hardware resources
consumption.
Fig. 10. Concept of tasks implementation.
Based on the preliminary specification, provided by the
temporal and computational analysis, the tasks implemen-
tation is shown by Figure 10. The tasks highlighted with
red squares denote reentrant tasks that are physically im-
plemented only once and are executed repeatedly by dif-
ferent calls from the main program. Such implementation
may significantly reduce the hardware resources consump-
tion. It must be noted, that preferring the sequential imple-
mentation was necessary in our implementation, since the
hardware resources was limited. By larger FPGA it would
be possible to increase parallel implementation.
The LabVIEW block diagram (Figure 8) was translated
to the VHDL code that describes the logic circuit. Such
design allows short design time in comparison to the low-
level programming languages, such as VHDL. However,
the hardware resources consumption might be higher.
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Fig. 11. The implemented FPGA architecture of bilateral teleoperator system.
Table 2: Virtex-5 hardware resources. 
Resource Used Available % 
SLICEs 4792 19200 99.8 
FLIP FLOPs 14023 19200 73.0 
LUTs 18130 19200 94.4 
DSP48e 25 32 78.1 
RAM BLOCKs 23 32 71.9 
 
4.3 Hardware resources consumption
The designed FPGA logic circuit consumes many hard-
ware resources (Table 2), though optimization techniques
have been applied. Decreasing the precision within the
control algorithm calculation would decrease hardware re-
source consumption; on the other hand, the teleoperator
performance would also be deteriorated. The sequential
tasks implementation reduces the hardware resource con-
sumption and increases execution time.
The proposed design methodology provides the flexi-
bility in terms of the execution time and available hardware
resources, e.g. implementation of the parallel execution of
the tasks can be increased when short execution time is re-
quired.
Figure 11 describes the overview of bilateral teleoper-
ator configuration, where the FPGA implementation is fo-
cused. It can be noted, that tasks are depicted by red and
blue squares. Each task is implemented once; whereas the
tasks highlighted with red squares are reentrant and exe-
cutes in a sequence for master device and for slave device,
respectively. Such implementation might significantly re-
duce the hardware resources; however, on the other hand
the execution time increases.
5 EXPERIMENTS
5.1 Experimental setup
The master-slave experimental system is shown by Fig-
ure 12. It consists of two linear motors Faulhaber Quick-
shaft LM1247-080-01, such that one is the master device
and the other is the slave device. The linear motors have in-
tegrated analog Hall sensors that are used for the shaft po-
sition calculation; hence, no external position sensor was
applied. The velocity is estimated using the αβ tracker.
The operator action force as well as the environment reac-
tion force are estimated using the external force observer.
The control algorithm outputs reference force that is ap-
plied to the motor controller Faulhaber MCLM3006S. The
system parameters are depicted by Table 3. The core of the
control system was the control board NI PXI-7841R with
FPGA Virtex-5 [24].
5.2 Experiments
The control algorithm as well as the data acquisition
algorithms implementation was validated by the master-
slave experimental system. The following experiments
were conducted: free motion, the soft object contact, and
the hard object contact. The manipulator and the bilateral
control parameters are depicted by Table 3 and Table 4,
respectively.
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Fig. 12. Experimental test-bed.
Table 3: Manipulator parameters. 
Manipulator parameter  Value 
Maximum force fmax N 3.6 
Magnetic pitch τm mm 18 
Hall sensors peak-peak voltage Vpp V 3 
ADC voltage resolution Q V 20/216 
Master device mass mm g 35 
Slave device mass ms g 35 
 
The experimental results are displayed by Figures 13-
14. Figure 13 shows the results for the unconstrained bilat-
eral teleoperation. Figure 14 shows the constrained motion
that is furthermore divided into two subfigures, soft object
contact (Figure 14a) and hard object contact (Figure 14b).
Each result is depicted by two separate plots; whereby,
the first displays the position tracking performance, and
the second displays the forces servoing performance. The
master device position xm and the operator force fh are
depicted with a solid red line. The slave device position xs
and the environment force fe are depicted with a dashed
green line.
During the unconstrained motion (Figure 13), excel-
lent position tracking as well as excellent force servoing
was observed. Although, the slave device is not in contact
with the environment, the estimated operators force fh as
well as environment force fe is not 0N. The reasons for
such estimation are the disturbances, such as the mass of
the shaft, noisy analog signals from the Hall sensors, and
the discretization by the A/D converters. The system noise
is reflected in the velocity and furthermore in the external
forces.
During the constrained motion (Figure 14), the slave
device is touching foam (Figure 14a) and aluminum (Fig-
ure 14b). The position tracking deteriorates in conjunction
with stiffness; meaning, increasing stiffness is deteriorat-
ing position tracking. On the other hand, excellent force
servoing was achieved for both situations, for soft object
contact as well as for hard object contact.
Table 4: Control parameters. 
Control parameters  Value 
Position corection gain α  0.1105 
Velocity corection gain β  0.0032 
αβ tracker cut-off frequency ω0 rad/s 300 
Force observer cut-off frequency g rad/s 300 
Robust gain D 1/s 300 
Position gain kp 1/s 14400 
Velocity gain kv 1/s
2 240 
Virtual mass Mc g 35 
Sampling and control period Ts μs 20 
 
Fig. 13. Free (unconstrained) motion.
It should be mentioned, that the hard object contact
in the remote environment is rather difficult to present to
the human operator with high-haptic fidelity. In order to
achieve high-performance bilateral teleoperation, the con-
trol parameters must be chosen with compliance of the
following guidelines. Better tracking performance can be
achieved by higher control parametersD, kp, kv , and lower
virtual mass Mc. Higher robust gain D increases the ro-
bustness to the system perturbations. Larger position gain
kp increases the control bandwidth and properly tuned ve-
locity gain kv provides desired damping. In order to deter-
mine the values for kv and kp the design procedure consid-
ers the prescribed dynamics of the simple 2nd order sys-
tem, which poles are determined by characteristic polyno-
mial of the closed-loop system (35).
s2 + kvs+ kp (35)
This initial phase provides only the coarse parameters
tuning for the desired cut-off frequency and damping of the
closed-loop, while the fine tuning for enhanced position
tracking performance is done by trial-and-error method.
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Fig. 14. Contact (constrained) motion: soft object contact (a) and hard object contact (b).
Lower virtual mass Mc improves the force tracking. Hace
et al. investigated the impact of the control parameters on
the system performance in [25].
In the control parameters design major limitation is
the presence of the system noise. The latter reflects in
the noisy velocity and the estimated external force signals.
The velocity noise appears due to the noisy analog signals
from the Hall sensors, discretization by AD converters,
and could be improved by optimal filtering. Higher con-
trol parameters provide enhanced performance that could
be achieved if high-quality measured signals with zero
noise and phase lag were obtained. However, the high
signal/noise ratio of the measured signals and high phase
lag can deteriorate the teleoperator performance; therefore
signal quality is important in the control design to achieve
high performance haptic fidelity.
6 CONCLUSION
This paper addresses the problem of haptic teleopera-
tion. The presented study of the FPGA implementation of
the sliding mode control algorithms for bilateral teleopera-
tion leads toward high haptic fidelity. The control law was
derived using the modal decomposition and the chattering-
free SMC design approach, respectively.
The presented design methodology allows FPGA hard-
ware resources consumption and the execution time of
the control algorithm optimization. Furthermore, it al-
lows short design time, although the flexible requirements
that appears during experimental research. Due to the FP-
GAs well-known performance, short and accurate sam-
pling and control periods were achieved. The periods can
be significantly shorter that could be achieved by the con-
ventional processor-based implementation [15]. Conse-
quently, larger feedback gains and wider bilateral control
bandwidth were possible to tune.
The implementation was validated by the master-slave
experimental system. As it was successfully shown, excel-
lent tracking performance was achieved for unconstrained
as well as for constrained motion. Major limitation in set-
ting the control rate is defined by slow A/D (5µs) and D/A
(1µs) converters. This furthermore affects the tuning of
feedback control gains. In a practical control application,
the values of control gains are often limited by the imple-
mented control rate. The other limitation in control param-
eters tuning presents the system noise. Nevertheless, the
achieved control rate was significantly higher compared to
commercially systems [12]. Such implementation can en-
hance the tracking performance of the bilateral controller
and leads towards the high haptic fidelity.
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